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C3a is made by proximal tubular HK-2 cells and activates them sampling an expanding range of identified urinary prod-
via the C3a receptor. ucts. Thus, albumin stimulates PTECs to produce mole-
Background. Some individual components of complement cules as diverse as endothelins and monocyte chemotac-are synthesized by the kidney. However, it is not known
tic peptide-1 (MCP-1). PTECs also respond to a rangewhether these form functional pathways that are able to medi-
of cytokines, including interleukin-1 (IL-1), transformingate more fundamental cellular events. We examined the ability
of HK-2 tubular cells to produce an intact alternative pathway growth factor-b1 (TGF-b1), interferon-g (IFN-g) and
of complement and to respond to the C3a fragment thus pro- insulin-like growth factor-I [1–3]. These molecules may
duced through the C3a receptor. reach the PTECs via the tubular lumen, that is, as partMethods. The production of mRNA for alternative pathway
of the glomerular filtrate, or through direct dispersioncomponents was detected by reverse transcription-polymerase
from the glomerulus. The relative importance of thesechain reaction, whereas protein synthesis was investigated by
probing Western blots of concentrated culture supernatants two routes remains uncertain. PTECs, in turn, synthesize
with polyclonal antisera. Levels of C3a and inositol phosphate a variety of inflammatory mediators such as IL-8 and
produced by HK-2 cells were determined by radioimmunoas-
TGF-b1, and coordinated autocrine and paracrine net-say, whereas those of transforming growth factor-b1 (TGF-b1)
works involving tubular and interstitial cells have beenwere measured by ELISA. Intracellular tyrosine phosphoryla-
tion in response to C3a was evaluated by Western blotting and defined that have the potential to induce interstitial in-
chemiluminescence. flammation and subsequent fibrosis [1, 4–7].
Results. HK-2 cells produce the complement polypeptides Proximal tubular epithelial cells also synthesize com-
C3a, C3, and factors B and H. They also contain mRNA for all
plement proteins, including C3 and factors B and H [2, 8],components of the alternative pathway and the C3a receptor.
but the role of these remains uncertain. It has been sug-mRNA levels were up-regulated by interleukin-1a, interleukin-
1b, and tumor necrosis factor-a. Incubation of HK-2 cells with gested that they are destined for release into the extra-
C3a led to an increase in intracellular inositol phosphate and to cellular pool of inflammatory proteins where they may
tyrosine phosphorylation of at least two proteins in a pertussis- amplify antibody-driven renal damage. However, this
toxin–sensitive fashion. C3a and C3a desarg also up-regulated
possibility has not been confirmed. Alternatively, evi-the secretion of TGF-b1 by these cells.
dence is emerging emphasizing the potential for the localConclusion. HK-2 cells produce an intact alternative path-
way of complement. In addition, both locally produced and synthesis and activation of complement to influence kid-
urinary C3a have the potential to activate these cells, resulting ney pathology. For example, PTECs activate complement
in inflammatory events such as TGF-b1 production. and respond to complement activation by producing an
inflammatory response. Deposition of the membrane at-
tack complex (MAC) induces a time-dependent calcium
Recent data suggest that proximal tubular epithelial influx and the release of arachidonic acid in a phospholi-
cells (PTECs) may be important contributors to the tu- pase A2-dependent manner [9]. It also stimulates the
bulointerstitial injury that accompanies most forms of production of superoxide anion, chemiluminescent re-
glomerulonephritis. They appear to play a central role in sponses, and alterations to the cytoskeleton [10].
pathological events within the kidney by monitoring and This study examined whether proximal tubular cells
synthesize an intact alternative pathway of complement
by seeking evidence for the production of complementKey words: HK-2 tubular cells, complement, C3a receptor, kidney,
proximal tubule cells, phosphorylation. activation products and of the control proteins properdin
and factors H and I. It also investigated whether or notReceived for publication November 13, 1998
this process was responsive to cytokine stimulation. Theand in revised form June 4, 1999
Accepted for publication June 17, 1999 potential for PTECs to respond to the products of com-
plement activation was explored by determining whether 1999 by the International Society of Nephrology
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Table 1. Polymerase chain reaction (PCR) primer pairsthey express a functional C3a receptor (C3aR). The con-
sequences for the cell of this receptor–ligand interaction, mRNA Primers Product Ref
including the induction of intracellular phosphorylation C3 GCTGCTCCTGCTACTAACCCA 444 [12]
TAGCAGCTTGTGGTTGACevents and the synthesis of proinflammatory cytokines
Factor D GTCACCCAAGCAACAAAGTCC 268 [12]such as TGF-b1, were also studied.
TCCTGCGTTCAAGTCATCC
Factor B GTTGAAGTCAGGGACTAACACC 548 [12]
CCACAGTGAAACAATGTGC
METHODS Factor H GTAGCAGAAGATTGCAATGA 1000 [13]
CTACAGCTACTGGAAAGTACell culture
Properdin ACGTAGTGGTGGGCTCTGTCA 483 [14]a
GGTGCAGAACACTTGCGGCTTThe HK-2 PTEC line has well-differentiated histo-
Factor I CATTGCCGAGGATTAGAGACC 356 [15]bchemical and functional characteristics and shows experi-
TCTTCTTGAGCCACAGATGC
mental responses similar to those obtained with freshly C3aR TCACAGCCATGGAATGAGC 439 [16]c
GGTACACGAACACAGGAATGCisolated proximal tubular cells [11]. HK-2 cells were ob-
tained from the American Type Culture Collection (Rock- Product indicates the size (bp) of the PCR product generated by the primer
sequences. PCR products of novel primers designed for factors P, I, and C3aRville, MD, USA) and were cultured in Keratinocyte-SFM
were verified by the demonstration of restriction endonuclease sites for aKPN1,
(Life Technologies, Gaithersburg, MD, USA) supple- bBM1, and cBPUA1 within these products.
mented with 5% fetal calf serum (FCS), 2.5 mg/ml bovine
pituitary extract, and 0.25 mg/ml recombinant epidermal
growth factor (both from Life Technologies). The me-
dium was changed every two to three days. Stimulation negative results. The integrity of the resultant products
with human recombinant IL-1a and IL-1b (Sigma, St. was determined by the appearance of a dominant single
Louis, MO, USA) or tumor necrosis factor-a (TNF-a; PCR product of the appropriate size [12, 13], as deter-
Boehringer Mannheim, Castle Hill, Australia) was con- mined by comparison with a 50 bp ladder (Amrad-Phar-
tinued for 18 hours at concentrations of 0 to 20 ng/ml. macia). The identity of novel primers, designed for these
experiments using published mRNA sequences [14–16],mRNA isolation
was confirmed by the formation of fragments of predicted
Poly dT cellulose (Amrad-Pharmacia, Melbourne, size after cleavage with an appropriate restriction endonu-
Australia) was used according to the manufacturer’s in- clease (Table 1). A 314 bp product of actin mRNA was
structions to purify mRNA from HK-2 cells in culture.
also generated using a published primer pair [17].RNA was quantitated, and its purity was assessed by
measurement of the OD260/OD280 ratio, which in all
Western blotting
cases was .1.4.
HK-2 cells were grown in serum-free media (not sup-
Reverse transcription-polymerase chain reaction plemented with FCS) for up to three days. Supernatant
proteins were concentrated by precipitation with a finalcDNA was transcribed from mRNA (50 to 100 ng/20
concentration of 90% acetone for 18 hours at 2208C,ml reaction) using random priming and avian myelo-
blastosis virus (AMV) reverse transcription (RT; Boeh- followed by centrifugation. Proteins were analyzed by re-
ringer Mannheim). Primers specific for various comple- ducing sodium dodecyl sulfate-polyacrylamide gel electro-
ment proteins were used to amplify defined regions of phoresis (SDS-PAGE) on 6% or 15% gels followed by
cDNA; the products of these reactions were electropho- Western blotting onto nitrocellulose or polyvinylidine di-
resed through a 1.5% agarose gel containing 0.4 mg/ml fluoride (PVDF) membranes. Clear signals were detected
ethidium bromide and digitally quantitated using a DC-40 using polyclonal antisera to C3 (Behring), factor B (Dako,
camera and EDAS software (Integrated Sciences, Syd- Carpinteria, CA, USA), and factor H (CalBiochem, La
ney, Australia). Jolla, CA, USA) and alkaline-phosphatase–conjugated
Specifically, each polymerase chain reaction (PCR) second antibodies. C3a was detected by probing Western
contained 2 ml cDNA, 1 U TAQ polymerase (Boehringer blots with the polyclonal rabbit antisera to C3a provided
Mannheim), 2 ml of each primer (30 nmol/ml), 0.2 mm of
as part of the Amersham radioimmunoassay kit, fol-
each dNTP, 10 mm Tris HCl, 1.5 mm MgCl2, and 50 mm lowed by a peroxidase-conjugated antibody specific forKCl, pH 8.3, in a total volume of 25 ml. The mixture was
rabbit IgG. Peroxidase activity was localized by chemilu-incubated under oil as follows: 958C for five minutes for
minescence and Hyperfilm ECL (Amersham).the initial denaturation and then 20 to 36 cycles each
consisting of 958C (45 seconds), 608C (45 seconds), and
C3a measurement728C (2 min), followed by a final extension at 728C for
Levels of C3a in culture supernatant were quantitated10 minutes. Amplification without cDNA or with mRNA
controls in which no AMV RT had been added yielded by commercial radioimmunoassay (Amersham).
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Fig. 1. An ethidium bromide-stained agarose gel showing polymerase chain reaction (PCR) products generated using primers specific for cDNA
of C3, B, I, H, D, P, and C3aR mRNA from HK-2 tubular epithelial cells. The relative migration of a 50 bp DNA ladder is shown at left.
Tyrosine phosphorylation cells were divided into equal numbers in 0.5 ml medium
and stimulated with C3a at 1 mg/ml for one, two, or fiveC3a-induced tyrosine phosphorylation of intracellular
minutes before the reaction was quenched with perchloricproteins in HK-2 cells was determined by incubating
acid. TGF-b1 production was quantitated after 16 hoursequal numbers of cells with either phosphate-buffered
of incubation with 0.1 or 1 mg/ml C3a or C3a desarg. Thesaline or 1 mg/ml C3a or C3a desarg (more than 95%
purity; both Calbiochem) at 378C for 0 to 20 minutes. production of matrix metalloproteinases (MMPs) 1 and
The reaction was stopped by washing the cells with ice- 9 and the metalloproteinase inhibitor TIMP 2 was deter-
cold saline, draining, and adding 1 ml of reducing SDS mined by examining the molecular weight and intensity
buffer. Proteins were separated by SDS-PAGE, trans- of bands stained on Western blots of 16-hour HK-2 culture
ferred to nitrocellulose in the presence of 1 mm vanadate, supernatants. The mAbs used were clones 41-1E5, 56-
and phosphorylation detected with a peroxidase-conju- 2A4, and 67-4H11, respectively, from ICN.
gated monoclonal specific for phosphotyrosine (NIF1353;
Amersham). Antibody was detected by chemilumines- Statistical analysis
cence using 1- to 60-minute incubations of the blot with
Reverse transcription-PCR data are reported asSuperSignal luminol (Pierce, Rockford, IL, USA) and
mean 6 sem of triplicate determinations. Data were nor-Hyperfilm ECL (Amersham). In some experiments,
malized for each experiment to the quantity of actinHK-2 cells were preincubated with 2 mg/ml pertussis
cDNA present in each flask. All experiments were per-toxin for two hours at 378C before the addition of C3a.
formed at least twice. Production of TGF-b1 by HK-2
Effects on HK-2 cells cells is reported as mean 6 sem of three experiments,
each with duplicate points.Intracellular inositol phosphate (IP3) and supernatant
The significance (P , 0.05) of any differences was deter-TGF-b1 and TNF-a production were determined by spe-
mined by two-tailed Wilcoxon tests or unpaired Student’scific radioimmunoassays (Biotrak, Amersham). For de-
termination of intracellular IP3 levels, approximately 108 t-tests.
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RESULTS
mRNA in renal cells
HK-2 cells produced mRNA for the C3aR and all
components of the alternative pathway of complement
(Fig. 1). The identity of the amplified PCR product of
each set of primers was confirmed by the appearance of
a dominant single product of the appropriate size on
ethidium bromide-stained agarose gels. The PCR prod-
ucts of novel primers designed to detect message for
properdin, factor I, and C3aR were also subjected to
digestion with appropriate restriction endonucleases to
demonstrate the existence of predicted cleavage sites
within the amplified regions (Table 1).
Under the reaction conditions described, the intensity
of ethidium bromide-stained reaction products for actin,
C3, factor D, factor B, and C3aR was linear for the
following number of PCR cycles: actin, 20; C3, 27; factor Fig. 2. Effect of cytokine stimulation of HK-2 cells on the expression
of mRNA for actin (h), C3aR ( ), and components of the alternativeD, 36; factor B, 33; and C3aR, 36. This was confirmed in
pathway [C3 ( ); D ( ); B ( ). Data were normalized to the levelseach experiment by determining the amounts of reaction
of actin mRNA in each flask and expressed as a ratio, being compared
product formed after serial dilution of the cDNA. Data with the amount of mRNA for each component in unstimulated cells.
Significant effects (P , 0.05) are shown by an asterisk. Data representwere subsequently normalized to the levels of actin
the mean 6 sem of three experiments, each done in duplicate.cDNA in each sample, and the amount of message spe-
cific for each complement component was related to that
in unstimulated HK-2 cells. HK-2 cells were stimulated
Stimulation of HK-2 cells by C3afor 18 hours with 20 ng/ml IL-1a, 5 ng/ml IL-1b, and 5 or
We next examined the ability of C3a to stimulate HK-220 ng/ml TNF-a (Fig. 2). All four treatments significantly
cells in culture. C3a induced tyrosine phosphorylationincreased levels of mRNA for C3 (P , 0.05), and TNF-a
in two proteins of 39 and 57 kDa. However, pretreatmentincreased levels of mRNA for the C3aR (P , 0.05).
of the cells with the G-protein inhibitor pertussis toxin
largely prevented tyrosine phosphorylation (Fig. 4). TheProduction of complement proteins
average decrease in the intensity of the 57 kDa band
Western blots probed with polyclonal antisera clearly
after preincubation with pertussis was 79%, whereas that
showed the presence of C3 and factors B and H: bands of the 39 kDa band was 88%. C3a desarg also induced
consistent with factors B and H (expected molecular tyrosine phosphorylation in the two bands affected by C3a.
weights on SDS gels of 95 and 175 kDa, respectively), Levels of phosphorylation were maximal after approxi-
and with the a and b chains of C3 (115 and 75 kDa, mately five minutes of stimulation with C3a and subse-
respectively) were seen (Fig. 3A). In addition, this tech- quently declined (Fig. 5). Incubation of HK-2 cells with
nique demonstrated the cleavage of factor B into two C3a also increased intracellular levels of the signal trans-
fragments consistent with Bb and Ba, and species consis- duction intermediate inositol phosphate (IP3; Fig. 6).
tent with breakdown products of the a chain of C3 (below Both C3a and C3a desarg stimulated the production
the b chain). A high molecular weight complex of approxi- of TGF-b1 up to 100% over basal levels (P , 0.05 for 1
mg/ml). The average basal levels were 600 pg/ml of super-mately 200 kDa reactive with the anti-C3 probably con-
natant per 107 cells after overnight incubation (Fig. 7).sisted of the a chain covalently linked to an unknown
HK-2 cells were shown by Western blot to produce sig-molecule. Factor H remains unchanged under culture con-
nificant quantities of MMPs 1 and 9 and TIMP 2, butditions. Immunoprecipitation of 35S methionine-labeled
these appeared unresponsive to stimulation with C3asupernatants confirmed that factor B, C3, and factor H
and C3a desarg (data not shown). No significant quantitywere synthesized de novo (data not shown). HK-2 cells
of TNF-a (that is, ,0.1 pg/ml of supernatant) was pro-produced an average of 58 ng/ml of C3a per 106 cells in
duced under any conditions in these experiments.serum-free supernatant after 18 hours of incubation; these
levels were unaffected by incubation with the previously
DISCUSSIONmentioned cytokines. The generation of C3a was con-
firmed by Western blotting of culture supernatants with Our results demonstrate that cultured proximal tubular
epithelial (HK-2) cells produce a functional alternativethe antibody used in the radioimmunoassay (Fig. 3B).
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Fig. 3. (A) Western blot of an SDS-PAGE analysis under reducing conditions showing the production of C3 and factors B and H by HK-2 cells
in serum-free media after one and three days in culture (lanes 2 and 3, respectively). The presence of these proteins in their native state in plasma
is shown for comparison (lane 1). The migration of molecular weight markers (kDa) is shown at left. (B) Western blot of an SDS-PAGE analysis
done under reducing conditions showing the production of C3a by HK-2 cells in serum-free media (lane 2). Pure C3a was analyzed for comparison
in lane 1. Detection was by chemiluminescence using the same primary antibody to C3a as used in the radioimmunoassay for C3a. The migration
of molecular weight markers (kDa) is shown at left.
pathway of complement able to generate significant local synthesis of complement proteins similarly affects
the metabolism of cells in the kidney under normal con-quantities of activation products of factor B and C3,
including C3a. HK-2 cells produced mRNA for all com- ditions or in the presence of inflammatory processes re-
mains to be determined.ponents, including the control proteins, of the alternative
pathway, suggesting that the complement activity pro- A number of products of complement activation such
as C3d, C5b-9, and C5a have been previously detected induced locally by these cells is regulated in a similar fash-
ion to that which occurs in plasma. Previous descriptions the urine, and their concentrations are monitored as an
indication of renal pathology [23–25]. Our findings estab-of the presence of C3 and factors B and H within fresh
renal tissue confirm these data [2, 8, 18–20]. lish the potential for such fragments, rather than simply
being a marker of the disease process, to cause significantInterleukin-1a and IL-1b and TNF-a were all able to
stimulate significantly the production of mRNA for C3, local changes in the physiology of the kidney. Thus, physi-
ological levels of C3a were shown to activate HK-2 cells,whereas TNF-a induced a significant rise in mRNA for
the C3aR. In all cases, however, the increase was less than inducing intracellular phosphorylation events and the syn-
thesis of increased levels of the signal transduction inter-threefold basal levels of expression, and the amounts of
C3a produced were unaffected. The quantity of mRNA mediate inositol phosphate. C3a (and C3a desarg) also
up-regulated the production of the proinflammatory cy-for C3 in primary cultures of proximal tubular cells is
similarly up-regulated by IL-1a [19]. These data contrast tokine TGF-b1 by HK-2 cells. The likely mediator of
these events is the C3aR [16] mRNA for which we de-with those obtained in the adipocyte, where cytokines
such as TNF-a induce up to a 10-fold increase in levels of tected in these cells and showed to be modulated by
TNF-a. It is known to be G-protein coupled and thusmessage and protein for factor B, resulting in increased
generation of C3a [21]. C3a desarg is known to strongly pertussis toxin sensitive [26–28], as was demonstrated in
our experiments. Ames et al detected mRNA for theup-regulate glucose transport and increase the synthesis
of triacylglycerol by adipocytes [22]. Whether or not the C3aR in the whole kidney and estimated its Kd as 0.3
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Fig. 4. Effect of preincubation with pertussis toxin on the C3a-induced
tyrosine phosphorylation of 2 proteins of 39 and 57 kDa (indicated) in
HK-2 cell lysates analyzed by Western blots. Phosphoproteins were
detected by chemiluminescence using a mAb specific to phosphotyro-
sine. (A) Control incubation. (B) Incubation for five minutes with 1
mg/ml C3a. (C) Preincubation with pertussis toxin followed by incuba-
tion for five minutes with 1 mg/ml C3a. The experiment was performed
twice.
nm [29], although Crass et al obtained a value of 4.5 nm
[16]. We have unpublished data showing levels of C3a
in the urine of patients with proteinuria of up to 50 nm,
sufficiently high to signal through this receptor. Fig. 5. Time-course of C3a (h) and C3a desarg (d) induced tyrosine
The 39 and 57 kDa proteins tyrosine phosphorylated phosphorylation of the 39 and 57 kDa proteins in HK-2 cells. Data
shown are from one of three separate experiments and are derivedin HK-2 cells on stimulation with C3a may not represent
from digital quantitation of autoradiographs.the C3aR itself. Cloning of the C3aR gene predicts a poly-
peptide of similar size to the 57 kDa band (482 residues)
[16], but no information is available on phosphorylation
events subsequent to the C3aR–ligand interaction. How- response to elevated levels of d-glucose [5]. TGF-b1 is
ever, the closely related C5aR has been reported to be known to induce collagen synthesis in rat tubuloendo-
phosphorylated exclusively on serine residues [30]. Nev- thelial cells [36] and may have a role in the renal fibrosis
ertheless, receptor-induced tyrosine phosphorylation of associated with cyclosporine administration [33]. Our
several proteins is known to occur in the neutrophil on data demonstrate that C3a and C3a desarg are both
stimulation with C5a [31], and C3a induces rapid tyrosine able to induce the synthesis of TGF-b1 by HK-2 cells in
phosphorylation of 56 kDa and 33 to 36 kDa proteins culture, although we were unable to detect any effect on
in guinea pig platelets [32]. secretion of the MMPs 1 and 9 or the metalloproteinase
Tubulointerstitial expression of TGF-b1 and its recep- inhibitor TIMP 2. TGF-b1 is known to regulate cellular
tor is elevated in pathological processes such as trans- expression of extracellular matrix in several renal cell
plantation rejection [33] and diabetic nephropathy [34, 35], systems in vitro [33, 37], but the degree of constitutive
synthesis of TGF-b1 shown here for HK-2 cells mayand human proximal tubular cells synthesize TGF-b1 in
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Fig. 7. Effect of C3a (h) and C3a desarg (d) on the production of
TGF-b1 by HK-2 cells after incubation for 16 hours. Data represent
the mean 6 sem of three experiments, each done in duplicate.Fig. 6. Effect of C3a on the intracellular levels of inositol phosphate
(IP3) in HK-2 cells. Data are shown for one of four separate experi-
ments.
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